Introduction
Pesticide use in Alberta is extensive. Byrtus (2000) estimated that 9,300,497 kg of pesticide active ingredient (a.i.) were sold or shipped into Alberta in 1998. Based on cropped acreage, Byrtus (2000) calculated pesticide use intensities as high as 2.5 to 2.7 kg a.i./ha for some municipali-ties. Herbicides comprised 76.7% of all pesticide sales with the phenoxy acid herbicides (2,4-D, dichlorprop, MCPA, mecoprop) accounting for 18.7% of all sales.
Pesticides enter the atmosphere via application drift, evaporation, sublimation or erosion of treated soil. Once in the air, pesticides can be transported and redistributed, degraded, or returned to the earth's surface via wet and dry deposition. These processes and monitoring studies to measure pesticide amounts in the atmosphere have been reviewed by Majewski and Capel (1995) for North America, and by van Dijk and Guicherit (1999) for Europe and North America.
There have been previous reports on the atmospheric deposition of pesticides in Canada. Hall et al. (1993) used a wet-only automated MIC (Meteorological Instrument Corp., Toronto, Ont.) sampler to collect precipitation from 17 locations in Ontario during 1991 to 1992. They reported seasonal trends with maximum average concentrations of 0.4 µg/L for atrazine, and 0.3 µg/L for metolachlor, occurring in May or June. Blais et al. (1998) demonstrated that semi-volatile organochlorine compounds from long-range transport are deposited in the snow pack in the mountains of western Canada and accumulate as a function of altitude ('cold condensation' effect).
Other reports contain specific information about phenoxy acid herbicides in Canadian rainfall. Waite et al. (1995) collected weekly bulk deposition samples during 1984 to 1987 near Regina, Sask., and frequently (32-67% of samples) detected herbicides. Average deposits over the growing season (May-August) were 93.3 µg/m 2 for 2,4-D, 13.1 µg/m 2 for bromoxynil, 12.3 µg/m 2 for dicamba, 17.5 µg/m 2 for diclofop and 12.9 µg/m 2 for triallate. Belzer et al. (1998) sampled the rainfall at Agassiz and Abbottsford, B.C., during 1996 to 1997 and reported 2,4-D concentrations of 0.9 to 5.3 µg/L. Rawn et al. (1999) collected rainfall from a southern Manitoba watershed over four years (1993) (1994) (1995) (1996) . They reported yearly maximum levels of 0.0033 to 0.43 µg/L for 2,4-D, 0.06 to 0.21 µg/L for bromoxynil, 0.0033 to 0.26 µg/L for dichlorprop, and 0.0044 to 0.95 µg/L for MCPA. Waite et al. (1999) reported average bulk depositions of 0.995 µg/m 2 /d for 2,4-D, and 0.070 µg/m 2 /d for dicamba in pan samplers set up at Regina, Sask., over the period May 11 to June 29, 1994. There have been no published reports on herbicides in Alberta rainfall. We conducted an initial study in 1998 and detected 2,4-D, bromoxynil, and dicamba frequently in Lethbridge area rainfall (Hill, Unpublished) . Some 2,4-D levels were as high as 2.0 to 5.1 µg/L (33-66 µg/m 2 ) which raised the question of potential effects on sensitive crops such as tomatoes, dry beans, sugar beets and potatoes grown in the area. We have since conducted indoor bioassays that suggest injury to tomatoes and dry beans is possible in the field (Hill et al. 2002) .
The objectives of this study were to determine levels of 'phenoxy' herbicides in Alberta rainfall on a province-wide basis and to correlate detections to location, use and time of season. This paper reports the results of our rainfall monitoring for 13 and 19 herbicides at 17 and 18 locations during 1999 and 2000, respectively. yards with the name of the closest town used as the location name. The city locations were in residential backyards and the LRC locations were adjacent to research plots. The Onefour and Stavely locations were located adjacent to the weather stations at the corresponding Agriculture and Agri-Food Canada substations. To avoid interferences, the funnels were placed about 40 m from trees and buildings at the rural locations and 10 m from obstructions at the city locations.
Rainfall collections at each location were started as early as possible in the spring (April 1-18 in southern Alberta, April 11-21 in central Alberta) and continued into the fall (September 13-29). Sampling was conducted on an 'event basis' at each location, i.e., after there had been several small rainfalls or one or two larger rainfalls (usually weekly), or every 14 d maximum. The funnels were rinsed with a pre-measured amount of water (355 mL) and the combined rain and rinse water collected. Some samples were also collected during dry periods by rinsing the funnels with 355 mL of water to estimate amounts of dry deposition.
Residue Methodology

Analysis method
Rainfall samples were analyzed for 13 herbicides (2,4-D, 2,4-DB, bromoxynil, clopyralid, dicamba, dichlorprop, diclofop, fenoxaprop, MCPA, mecoprop, quinclorac, triallate, trifluralin) in 1999 and 19 herbicides (atrazine, bromacil, ethalfluralin, imazethapyr, lindane and picloram added to analysis) in 2000. Our LRC analysis method was adapted from Bruns et al. (1991) . Briefly, samples were filtered through glass wool, acidified with concentrated sulfuric acid to pH 2 and extracted by liquidliquid partitioning with dichloromethane. Extracts were then dried with acidified Na 2 SO 4 , concentrated, methylated using diazomethane, transferred to hexane and adjusted to a final volume of 10 mL.
Esterified extracts were analyzed (2-µL injections) using a Hewlett Packard (HP) 6890 Series GC with a HP 5973 mass selective detector (MSD) in selected ion monitoring mode. The column was PAS-1701 (30 m × 1.25 mm i.d., 0.25-µm film thickness, ECD-tested 1701 Siloxane). Temperature programming was: 120°C for 2 min, ramped at 20°C/min to 160°C, held for 10 min, ramped at 10°C/min to 170°C, held for 6 min, ramped at 30°C/min to 265°C and held for 10 min. Total analysis time was 34.2 min. The ratio of four fragment ions to each other was determined for each detection, compared with the ratio of those ions in a standard, and only those with Q values >80% (Q = a HP calculated confidence level where ratios must be at least 80% of expected) were accepted as positive herbicide detections. The minimum quantifiable limit was 0.10 µg (total in sample) for fenoxaprop, ethalfluralin and imazethapyr, and 0.025 µg for the other herbicides. Detections below these limits were outside the range of the external standard curve and were assigned values of zero (none detected). Method blanks were run with each set of rainfall samples analyzed.
Method recoveries
Method recoveries were determined by extracting and analyzing water samples spiked in the lab with a herbicide cocktail solution (containing all 19 herbicides in acetone). Both low and high concentration solutions were used (0.30 and 14.8 µg/L for ethalfluralin, fenoxaprop and imazethapyr; 0.09 and 4.4 µg/L for the other herbicides). Replicate spiked samples were extracted at the same time as sets of rainfall samples and method recoveries calculated by comparing the spiked samples to a direct analysis of the original 100% cocktail solution.
Stability studies
Studies were conducted to assess the stability of herbicides in collected rainfall samples in the field. Bottles were spiked with herbicide aqueous solutions at two concentrations (high: 1.2 µg/L 2,4-D, 2,4-DB, bromoxynil, clopyralid, dichlorprop, diclofop, MCPA, mecoprop, triallate and trifluralin; 8.09 µg/L dicamba and quinclorac; 40.0 µg/L fenoxaprop; and low: 0.24 µg/L 2,4-D, 2,4-DB, bromoxynil, clopyralid, dichlorprop, diclofop, MCPA, mecoprop, triallate and trifluralin; 0.16 µg/L dicamba and quinclorac; 0.8 µg/L fenoxaprop) and set outdoors. The herbicides remaining in the bottles were analyzed after 1 and 2 weeks.
Methodology checks
Duplicate rainfall samples collected in funnels at the same location were compared using the method of Waite et al. (2000) to determine the variation between duplicates.
Aliquots of a range of extracted rainfall samples (26 in 1999 and 16 in 2000) were submitted 'blind' to ARC, Vegreville, Alta., for analysis. Results of these analyses were compared with LRC results for the same samples.
A separate set of rainfall samples were collected at the Vegreville location using an additional collection funnel and analyzed at ARC to compare the complete extraction/analysis methods of the LRC and ARC labs.
Additional rainfall samples were collected at the LRC Fairfield farm location using a wet-only automated MIC sampler provided by Alberta Environment (Edmonton, Alta.). The MIC sampler collected rainfall in a plastic barrel lined with a plastic bag and was equipped with a sensor to detect rainfall events and trigger the opening/closing of a lid. These MIC samples were collected side-by-side, and over the same time intervals, as the regular funnel samples.
Results
Residue Method Recoveries
Recoveries from spiked water samples, at the low concentrations comparable with those found most often in rainfall samples (0.09-0.30 µg/L), ranged from 84 to 104% (SD = 3 to 25%, n = 9) for 16 of the 19 compounds tested. Clopyralid (60%, SD = 7%, n = 9) and picloram (67%, SD = 9%, n = 9) recoveries were low, and bromacil recoveries (131%, SD = 37%, n = 9) were high compared with the 100% spiking solution. At the higher concentrations (4.4-14.8 µg/L), recoveries ranged from 87 to 106% (SD = 1 to 12%, n = 9) for 16 of the 19 compounds. As before, clopyralid (60%, SD = 6%, n = 9) and picloram (65%, SD = 7%, n = 9) recoveries were low and bromacil recoveries (198%, SD = 39%, n = 9) were high. The high recoveries for bromacil were caused by low detections of bromacil in the 100% spiking solutions (bromacil instability suspected), thus the quantification of bromacil was unreliable. Rainfall sample detections were not adjusted for method recovery losses and were not blank corrected (all method blanks were clean).
Stability Studies
Preliminary studies in the greenhouse indicated that covering the glass bottles with aluminum foil or adding acid as a 'stabilizer' had little effect on herbicide stability. When placed outdoors, most herbicides were quite stable in aqueous solution in the collection bottles. At the low concentrations (0.24-0.8 µg/L), recoveries ranged from 96 to 121% (SD = 1 to 6%, n = 3) after 1 week, and from 89 to 104% (SD = 4 to 6%, n = 4) after 2 weeks, for most of the herbicides. Recoveries of fenoxaprop (171% ± 4.6% after 1 week, 126% ± 13% after 2 weeks) and mecoprop (140% ± 13% after 1 week, 137% ± 17% after 2 weeks) were somewhat high and erratic. Also, there were significant losses of the volatile herbicides triallate and trifluralin in the collection bottles. Recovery of triallate was only 11% after 1 week, and 5% after 2 weeks. Trifluralin was lost completely after 1 week. These results indicate that our rainfall collection method was not valid for triallate or trifluralin, and although not tested, our method was probably also not valid for the volatile herbicide ethalfluralin.
Herbicide Detections in Rainfall
To compare herbicide detections among locations, most data are presented on an amount basis (µg/m 2 ) over the April to September sampling period. There were no herbicides (or only trace amounts) detected in the first and last few samples at each location, which suggests that all the significant seasonal herbicide deposits were 'captured' and that comparisons based on seasonal amounts are valid. To facilitate some comparison with other published reports and with Canadian Water Quality Guidelines, data are also expressed on a concentration basis (µg/L). Because such concentrations depend greatly on the amount of rainfall, we have presented the maximum concentrations only. All results are means of duplicate funnels. Either the duplicate rainfall samples from each location were combined then analyzed, or the samples were analyzed individually and the means calculated.
The five herbicides 2,4-D, bromoxynil, dicamba, MCPA and mecoprop (designated as 'major' herbicides) were detected frequently ( For each herbicide, a 'background' level of detection (µg/m 2 ) was estimated using the data from the remote locations. The number of detections above this designated background was then tabulated for each location.
2,4-D Over both years, 2,4-D detection frequencies were 29 to 67% at the remote locations compared with 61 to 85% in the City of Lethbridge, 47 to 93% in southern Alberta and 33 to 56% in central Alberta (Table 2) . 2,4-D was detected in >75% of the rainfall samples at several southern Alberta locations. The amounts of 2,4-D detected varied widely among locations. The range of median detections was similar among remote (0-2.9 µg/m 2 ), city (1.6-5.9 µg/m 2 ) and central Alberta locations ( Only a portion of the 2,4-D detections were above the designated 'background' level of 15 µg/m 2 . In southern Alberta, several rural locations had 3 to 8 detections above background compared with 1 to 2 detections above background in central Alberta. The data were quite consistent between 1999 and 2000. Of note, 2,4-D detections were most frequent and in the highest total amounts at the Champion location in both years.
Bromoxynil
Bromoxynil detection frequencies were 23 to 33% at the remote locations compared with 29 to 44% in the city and 38 to 53% in central Alberta (Table 3 ). There was a wide range of detection frequencies (14 to 79%) at the southern Alberta locations. Bromoxynil was detected in >50% of the rainfall samples at several southern Alberta locations.
Overall, the amounts of bromoxynil detected among locations were fairly consistent. The median detections were similar among remote (0 µg/m 2 ), city (0 µg/m 2 ) and central Alberta locations (0-0.27 µg/m 2 ) because of low detection frequencies (median = 0 µg/m 2 when detection frequency <50%). Southern Alberta locations (0-3.4 µg/m 2 ) had a wider range of median detections. The highest maximum amounts of bromoxynil detected, 46 and 49 µg/m 2 , occurred in 2000 at Strathmore and Three Hills, respectively. There was also a relatively high maximum amount (28 µg/m 2 ) detected at Three Hills in 1999. The total amount of bromoxynil deposited over the sampling period was 6.6 to 17 µg/m 2 at the remote locations and 13 to 25 µg/m 2 at the city locations. 
Dicamba
Dicamba detection frequencies were 23 to 67% at the remote locations, 56 to 69% in the city, 31 to 75% in southern Alberta, but only 11 to 44% in central Alberta (Table 4) .
The amounts of dicamba detected were similar among most locations. Overall, the range of median detections was 0 to 1.0 µg/m 2 except for the 1.5 µg/m 2 median detection at Champion in 1999. The medians for central Alberta were all 0 µg/m 2 because the detection frequencies were all <50%. The maximum amounts of dicamba varied by type of location. The range of maximum detections was similar (1.1-3.0 µg/m 2 ) for the remote, city and central Alberta locations, however, the range in southern Alberta was 1.3 to 23 µg/m 2 with five maxima >10 µg/m 2 . The highest maximum amounts of dicamba detected (23 µg/m 2 ) occurred at Champion in 2000. The total amount of dicamba deposited over the sampling period was similar at the remote (2.3-9.5 µg/m 2 ), city (6.8-11 µg/m 2 ) and central Alberta (1.5-8.6 µg/m 2 ) locations. Total deposition in southern Alberta was 5.0 to 47 µg/m 2 with six locations >20 µg/m 2 . The highest concentration of dicamba (9.1 µg/L) occurred at Grassy Lake in 2000 in a 1-mm rainfall. The designated 'background' level of 2 µg/m 2 for dicamba was lower than bromoxynil or 2,4-D. In southern Alberta, several rural locations had 3 to 5 detections above background compared with 0 to 1 detections above background at the central Alberta locations. Again, the data were quite consistent between 1999 and 2000. Dicamba detections were very frequent and in high amounts at the Champion location in both years. (Table 5) were mostly low (<50%). Frequencies were similar between the remote (7-25%) and City of Lethbridge locations (6-29%). There was a wider range of detection frequencies at the southern Alberta (7-71%) and central Alberta locations (6-46%).
MCPA
MCPA detection frequencies
The highest maximum amounts of MCPA detected (38-84 µg/m 2 ) occurred at Three Hills and Clive in 1999 and 2000, Seven Persons in 1999, and Strathmore in 2000. Five of the six highest maximum amounts of MCPA detected occurred in central Alberta. The total amount of MCPA deposited over the sampling period was low for the remote (0-19 µg/m 2 ) and city (10-33 µg/m 2 ) locations. Total deposits varied widely in southern (7.3-114 µg/m 2 ) and central (13-171 µg/m 2 ) Alberta. The highest concentrations of MCPA in rainfall (25-26 µg/L) occurred at LRC plots in 1999 and Seven Persons in 2000, both in a 1-mm rainfall. The designated 'background' level of 12 µg/m 2 for MCPA was comparable to that of 2,4-D. There was a fairly even distribution of detections above background among the southern Alberta and central Alberta locations. There were year-to-year differences between the 1999 and 2000 data. In 1999, the detection frequencies were 7 to 42% in southern Alberta and 6 to 19% in central Alberta compared with 14 to 71% and 23 to 46% in 2000, respectively. In 1999, most southern and central Alberta locations had one detection above background compared with two detections in 2000. There were high maximum amounts of MCPA (38-84 µg/m 2 ) detected at Three Hills and Clive in both years.
Mecoprop
Mecoprop detection frequencies were low (0-31%) and sporadic (Table 6 ). Mecoprop was detected most consistently at the City of Lethbridge (11-31%) and Coaldale locations (14-25%).
The highest maximum (5.0-9.2 µg/m 2 ) and total (3.6-14 µg/m 2 ) amounts of mecoprop were detected at the city and Coaldale locations in both 1999 and 2000. The highest concentration of mecoprop in rainfall (2.5 µg/L) occurred at Coaldale in 1999 in a 2-mm rainfall.
Because mecoprop was not detected at the Lundbreck and Stavely remote locations, the designated 'background' level for mecoprop was set at 0 µg/m 2 . Although sparse, the data were quite consistent between 1999 and 2000.
Other herbicides
The other herbicides (designated as 'minor' herbicides) were detected in lesser quantities and for the most part, less frequently (Table 1) . Only dichlorprop in both years, and triallate in 1999, were detected regularly. To simplify reporting the data, all minor herbicide detections were combined and summarized for each location without preserving the identities of the individual herbicides (Table 7) . Detection frequencies were generally ≤10% in 1999 and ≤5% in 2000. The highest maximum deposits were: 22 µg/m 2 dichlorprop at Tempest in 1999, 94 and 24 µg/m 2 2,4-DB at Seven Persons in 1999 and 2000, respectively, and 17 µg/m 2 dichlorprop at Warner in both years. The highest total deposits (48-107 µg/m 2 , cumulative total of all minor herbicides) occurred at the same three locations (Tempest, Seven Persons, Warner). The maximum concentrations of minor herbicides occurred when 2,4-DB (3.0 µg/L) was deposited in 32 mm of rainfall at Seven Persons in 1999, when dichlorprop (3.6 µg/L) was deposited in 0.6 mm of rainfall at the LRC Plots in 1999, and when dichlorprop (6.3 µg/L) was deposited in 2.7 mm of rainfall at Warner in 2000. The 3.0 µg/L of 2,4-DB in 32 mm of rainfall was unusual because all of the previous highest concentrations of herbicides in rainfall occurred in small amounts (0.2-2 mm) of rainfall.
Dry Samples
Dry samples collected over 4-to 8-d periods during July to August 2000 (Table 8 ) contained much lower amounts of herbicide than rainfall samples collected over the same period in 1999. This suggests that, with our funnel sampling method, dry deposition (mainly dust) does not provide a major contribution to the high herbicide levels we detected in rainfall samples. Our rinsing the stainless steel funnels with water to estimate All minor herbicide detections were considered to be above background.
dry deposits may have underestimated the 'true' amounts of dry deposits, however, the purpose of this procedure was to confirm that large amounts of dry deposits were not being rinsed into our collection bottles by subsequent rainfall and counted as wet deposits. In their review, van Dijk and Guicherit (1999) quoted several authors who also concluded that the contribution of dry deposition was minor compared with wet deposition. It was also noted, however, that dry deposition on a funnel may not be representative of that on more complex biological surfaces. More recently, Epple et al. (2002) reported that for several compounds in their studies, the sum of wet and dry deposition was only marginally higher than wet deposition alone. Dry deposition became significant only for pesticides applied near their sampling sites. We did not differentiate the physical forms of the herbicides detected in this study. As discussed by Rawn et al. (1999) , the dynamics of phenoxy herbicides in the atmosphere are not that well understood. These herbicides are detected in atmospheric samples in their acid or free phenol forms. They are considered nonvolatile, yet Rawn et al. (1999) reported phenoxys in both the gas and particle phases. Waite et al. (1999) suggested that the major portions of phenoxys in air were associated with atmospheric particles. The vapour and particle phases of phenoxys herbicides can contribute to both the wet and dry deposition of these herbicides.
Variability in Duplicate Rainfall Samples
When there was sufficient rainfall over a collection period (about 10 mm), the duplicate samples collected at each location were analyzed individually. A comparison between these individual duplicates gives a measure of the variability within locations (combined with the variability in sample handling and analysis). Variability in the major herbicide amounts (µg/m 2 ) detected between duplicate samples was calculated using the method of Waite et al. (2000) . Briefly, % variability = [(A-B)/2]/[(A+B)/2] × 100 where A and B represent two non-zero values of a duplicate pair. Where one of the values was trace or not detected, the value (0.5 × the minimum quantifiable limit) was used in the calculation.
The overall % variability between duplicate samples was about 20% in both 1999 and 2000 (Table 9 ). Most of the duplicates (77-83%, n = 179 and 214) had <30% variability. Much of the variability could probably be attributed to the MSD-GC residue analysis method. Our % variability compare well with Waite et al. (2000) , who reported a mean variability of 25% for dugout water samples with 67% (n = 40) having <30% variability.
Comparison of Analyses at ARC and LRC Labs
As a check on the LRC MSD-GC analysis, aliquots of a range of rainfall sample extracts were analyzed independently by ARC. The ARC analysis employed a GC-MS/ion-trap which was completely different than the LRC quadrapole MSD-GC. The ratio of the two analyses (ARC/LRC) ranged from 0.69 to 0.98 for the major herbicides detected in the extracts (Table 10 ). These ratios are comparable to the variation between duplicate samples analyzed by the same lab. The larger differences (lower ratios) corresponded to detections of herbicides close to method limits while higher detections gave ratios closer to 1.0.
Comparison of the complete residue analyses of ARC and LRC indicated that for the most frequently detected herbicides, the analyses were fairly consistent (Table 11 ). Some recoveries of bromoxynil at the ARC lab were lower than at the LRC lab. Overall, the extract and complete sample analyses conducted by ARC supported the validity of the LRC results.
Comparison of Funnel and MIC Rainfall Collection Methods
The ARC lab checked the stability of the major herbicides in the MIC plastic bag and found 102.3% mean recovery after 10 d at 0.1 µg/L. The b Duplicate rainfall collectors placed 3 to 6 m apart at each location; duplicate samples analyzed individually when sufficient rainfall (about 10 mm).
average ratio of the amount of herbicide in rainfall samples collected with the wet-only automated MIC sampler (standard operation) compared with our funnel method was 8.8 (Table 12) . This difference in detection levels may partially explain why past reports did not find levels of herbicide in rainfall comparable to those found in this study. Most past studies have traditionally used automated MIC samplers to collect rainfall for herbicide analysis.
When the MIC sampler was propped in the open position (not using the automated cover), the levels of herbicide detected in rainfall were comparable (average ratio of 0.91) to those using the funnel method (Table  12 ). This suggests that the automated opening of the cover does not efficiently collect the initial amount of rainfall which would contain the high- b Values are ratio of amounts (µg/m 2 ) detected in sample extracts. est concentration of herbicide. Epple et al. (2002) also speculated that some of their wet deposition data may have been low because of the response delay of the precipitation sensor.
Discussion
Major Herbicide Detections
The Onefour location was not a 'true' remote location because, on occasion, a herbicide mixture (2,4-D, dicamba, mecoprop) was applied for weed control on local lawns. Also, agricultural crops were located 15 km to the south (in northern Montana) and 80 km to the west (near Foremost, Alta.). These activities probably caused the detections of 2,4-D, dicamba and mecoprop above background at Onefour (Tables 2, 4, 6). The detections of bromoxynil and MCPA above background in the City of Lethbridge (Tables 3, 5) were interesting because these herbicides are not b Side-by-side collections taken over the same eight sampling periods between May 4 and July 9, 2000.
c Side-by-side collections taken over the same nine sampling periods between July 10 and September 25, 2000. normally used in lawn and garden applications. Conversely, mecoprop is frequently used for weed control on lawns and turf and it was detected above background most often at the City of Lethbridge and Coaldale (beside a golf course) locations (Table 6) .
Among the major herbicides, 2,4-D was detected in the highest total amounts (7 detections >150 µg/m 2 ) followed by MCPA (5 detections >90 µg/m 2 ), bromoxynil (4 detections >60 µg/m 2 ), dicamba (6 detections >20 µg/m 2 ), and mecoprop (2 detections >10 µg/m 2 ). Most of these high total deposits occurred in southern Alberta. There were two high total deposits of bromoxynil and three of MCPA in central Alberta.
The total seasonal deposits of herbicides in this study are generally greater than those reported by Waite et al. (1995) . For 2,4-D (Table 2) , our mean total deposit over 1999 to 2000 for the nine southern Alberta rural locations was 153 µg/m 2 (range 58-315 µg/m 2 ) which is greater than the 93 µg/m 2 (range 39-137 µg/m 2 ) detected by Waite et al. (1995) at Regina, Sask., over 1984 to 1987. Our mean total 2,4-D deposit for the four central Alberta locations (68 µg/m 2 , range 44-137 µg/m 2 ) was somewhat less than the Regina deposit but comparable. Similarly, for bromoxynil (Table 3) , we found mean total deposits of 35 µg/m 2 (range 17-69 µg/m 2 ) for southern Alberta and 40 µg/m 2 (range 16-87 µg/m 2 ) for central Alberta compared with 13 µg/m 2 (range 9-23 µg/m 2 ) reported by Waite et al. (1995) . For dicamba (Table 4) , our mean total deposits of 18 µg/m 2 (range 5-47 µg/m 2 ) for southern Alberta was higher than the cumulative deposit of Waite et al. (1995) (12 µg/m 2 , range 2-22 µg/m 2 ) but our mean total deposit for central Alberta (5 µg/m 2 , range 2-9 µg/m 2 ) was lower than the Regina deposit.
The highest concentration (0.41-53 µg/L, Tables 2-6) of the major herbicides did not always correspond with the maximum amounts deposited at each location, but rather, occurred when herbicide deposits came down in small amounts (0.1-2.0 mm) of rainfall. Several of the highest herbicide concentrations in rainfall exceeded the Canadian Water Quality Guidelines for drinking water, aquatic life and irrigation (Table 13 ). All of the highest concentrations in Table 13 occurred in southern Alberta.
The maximum concentrations of the major herbicides in rainfall in this study (0.41-53 µg/L, Tables 2-6) were much higher than concentrations previously reported in western Canadian studies. For example, compared with the maximum concentrations of 2,4-D in B.C. rainfall (5.3 µg/L, Belzer et al. 1998) and Manitoba rainfall (0.43 µg/L, Rawn et al. 1999) , we found 13 detections of 2,4-D in excess of 5 µg/L (Table 2) . Rawn et al. (1999) also reported maximum concentrations of 0.21 µg/L for bromoxynil and 0.95 µg/L for MCPA compared with our findings of 10 bromoxynil detections >2 µg/L (Table 3 ) and nine MCPA detections >4 µg/L (Table 5) .
There are several plausible explanations for the high levels of phenoxy herbicides detected in rainfall in this study compared with previous Canadian studies: 1) increased use of phenoxy herbicides (especially in herbicide mixtures) with the adoption of minimum tillage and chemical fallow farming practices; 2) unique climatic conditions in southern Alberta (windy, hot, dry, but with frequent rainfall during the spray season); 3) high use of the more volatile phenoxy ester formulations in southern Alberta; 4) our bulk sampling (funnel) method collects higher (8.8 times) herbicide deposits in rainfall than the automated MIC sampler used in previous studies; 5) some contribution of dry deposits in our samplers compared with 'no' dry deposits in the previous wet-only MIC samplers.
Major Herbicide Detections versus Type of Location
As expected, the total amount of herbicides deposited in the rainfall over the season varied with the type of location sampled (Table 14) . In general, the lowest amounts were deposited in the remote locations (0-28 µg/m 2 ), intermediate amounts were deposited in the city locations (8-96 µg/m 2 ), and the highest amounts were deposited in the rural locations (1-153 µg/m 2 ) of southern and central Alberta. Between southern and central Alberta, total seasonal deposits were about 3 times as high in the south for 2,4-D, dicamba and mecoprop, similar for bromoxynil, and almost twice as much MCPA was deposited in central Alberta. Of note is the relatively high total deposit of mecoprop at the city locations (8 µg/m 2 ) indicative of weed control on lawns.
Major Herbicide Detections versus Sales (Use)
To investigate the relationship between major herbicide detections and use, the total amounts of herbicide deposited over the season at each agri- cultural location were compared with the 1998 herbicide sales (Byrtus 2000) for the municipality surrounding each location. The assumptions in such a comparison were that the individual sampling locations were representative of the municipality, that sales were a suitable surrogate for herbicide use, that 1998 sales were representative of sales in 1999 and 2000, and that large amounts of herbicides were not transported over long distances. In southern Alberta, the ratios of total deposits to sales were similar among herbicides except for 2,4-D (Table 15 ). It appears that more 2,4-D is deposited relative to its use than the other herbicides. In central Alberta, there was more of a distinct scale of ratios with 2,4-D and bromoxynil having the highest deposit to sales ratios. Between southern and central Alberta, the ratios for each herbicide were higher in central Alberta suggesting that more herbicide is deposited in central Alberta relative to use. One possible explanation is that there are more rainfall events in central Alberta to bring the deposits down. On average (five locations), there were 61 and 66 rainfall events in central Alberta compared with only 48 and 42 in southern Alberta in 1999 and 2000, respectively.
The relationship between total deposits and sales (use) was also investigated for each individual herbicide across all (south and central) agricultural locations. There were strong linear relationships for some herbicides but poor relationships for others. For example, an R 2 = 0.53 (n = 10) was obtained for 2,4-D deposits versus sales over all locations (Fig. 2) despite a high, outlier value at Champion. An even stronger relationship, R 2 = 0.87 (n = 10), was obtained for dicamba deposits versus sales (Fig. 3) . For bromoxynil, MCPA and mecoprop, the relationships were R 2 = 0.25, R 2 = 0.02 and R 2 = 0.09, respectively (n = 10). It is not obvious why the deposits to sales relationships were better for some herbicides than others.
Seasonal Variation in Herbicide Detections
The seasonal pattern in the number of herbicide detections per location per week was similar among the four 'types' of locations (remote, city, southern and central Alberta) and between years. For example, the mean number of herbicide detections per location in southern Alberta increased from <1 detection per week during the spring, to 3 to 5 detections per week during the spraying season (May 28-July 9), then tapered off to about 1 detection per week into the fall season (Fig. 4) . In central Alberta, the spraying season was about 2 weeks later (June 11-July 23) with a maximum of 3 to 4 detections per location per week (data not shown).
The pattern of amounts of herbicide detected over the season was similar to the pattern of number of detections. In general, herbicides detection levels were low (0-20 µg/m 2 ) during May, highest (20-100 µg/m 2 ) during June and July (spraying season), then tapered off again (0-30 µg/m 2 ) in August to September.
The seasonal variation in herbicides detected in rainfall at our Tempest, Alta., location (Fig. 5) was typical of the patterns described above. Of note, are the frequent herbicide (mostly 2,4-D) amounts (µg/m 2 ) detected during June and early July, 1999, and the fact that these amounts translate into high or low ppb (µg/L) concentrations depending upon the rainfall amounts. In southern Alberta, the highest levels of herbicides in rainfall occurred anytime during the 6-week spraying season. In central Alberta, the highest levels occurred mostly during a narrow 2-week period in June.
Conclusions
1. The Quality Assurance/Quality Control tests indicated that our methodology for rainfall collection, sample handling and residue analysis was valid for most of the 19 herbicides studied. Our methodology underestimated triallate, trifluralin and ethalfluralin amounts and overestimated bromacil amounts. 2. The frequency of herbicide detections in rainfall was surprisingly high. Most rainfall samples from the rural farm areas contained detectable herbicides. Data for the major herbicides were quite consistent between 1999 and 2000 despite the fact that 2000 was a dry summer in southern Alberta. 3. 2,4-D is the most ubiquitous herbicide in Alberta rainfall. Compared with the other herbicides, there is more 2,4-D in the rainfall than one might expect from relative use estimates. 4. The highest levels of 2,4-D were found in southern Alberta rainfall; the highest levels of MCPA were found in central Alberta. Invariably, the highest µg/L levels of herbicides in Alberta rainfall occurred when there was a small rainfall (0.1-2.0 mm) during the agricultural spray season. 5. µg/L levels of 2,4-D, bromoxynil and MCPA in the rainfall were occasionally high enough to approach or exceed Canadian Drinking Water Guidelines; levels frequently exceeded the Aquatic Life and Irrigation Water Quality Guidelines. 6. Levels of herbicides in Alberta rainfall were lowest at remote locations, intermediate at city locations, and highest in the rural farm areas. In general, herbicide levels in rainfall reflected agricultural use patterns. 7. The highest levels of herbicides in rainfall occurred anytime during the 6-to 8-week agricultural spray season in southern Alberta; the highest levels occurred during a much shorter 2-to 4-week spray period in central Alberta. 8. Our funnel method of collecting rainfall yielded herbicide amounts that are 9 times higher than the wet-only automated MIC sampler. Most previous Canadian studies have used the MIC sampler and may have underestimated the levels of herbicides in rainfall. 9. Dry deposition in our funnels did not contribute significantly to the highest levels of herbicides detected in rainfall.
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